incubated at 5 °C, one replicate was lost. Each replicate consisted of four jars, as is 25 required for the metabolic tracer probing 1 . Mineral soil (25 g dry weight, 66.5 % soil 26 moisture content) and organic soil (4 g dry weight, 400 % soil moisture content) was 27 incubated in specimen cups and placed in mason jars (473 mL). Mason jars were initially 28 covered with Saran™ plastic wrap, to limit moisture loss but allow oxygen into the jars 29 during the seven-day incubation period. We used iButton data loggers (Maxim Integrated, 30
San Jose, CA, USA) to monitor soil temperature during the incubation and the metabolic 31 tracer probing experiment. 32
33

II. Position-Specific 13 C-Labeled Metabolic Tracer Experiment 34
After incubating the soil for one week, headspace was refreshed before the jar was 35 closed using an airtight lid with a septum. Next, 10 ml of pure CO 2 was added to each jar 36 in order to meet the CO 2 concentration and amount required by the Picarro G2201-i CO 2 37 cavity ring-down isotope spectrometer (Picarro Inc., Sunnyvale, CA, USA). Thirty 38 minutes after addition of CO 2 , we took a sample of the headspace (time=0). We then 39 added one of four metabolic tracer isotopomers to each of the four parallel incubations 40 per replicate, following the procedure in Dijkstra et al. 1, 2 . We used two glucose 41 isotopologues (U-13 C and 1-13 C) and two pyruvate isotopologues (1-13 C and 2,3-13 C). All 42 of the metabolic tracers were dissolved in deionized water at a concentration of 10.7 43 µmol C per mL. Two mL of tracer was added to each incubation, equivalent to 10.3 µg C 44 g -1 dry mineral soil and 64.3 µg C g -1 dry organic soil. After tracer addition, 10 ml of 45 fungal metabolite precursor demand 2 . In this paper, we assumed a fungi : bacteria ratio of 69 
III. Respiration and Microbial Biomass Measurements 82
In a separate incubation two weeks after the final MGE measurement, we 83 assessed the effects of temperature on respiration and microbial biomass C (MBC) 84 concentration, and calculated the specific respiration rate (μg CO 2 -C mg -1 MBC h -1 ; n=4). 85
In each incubator, we set up mason jars for each soil type following the same procedure 86 that we used for the metabolic tracer incubation. After a one-week incubation, 87 respiration rate was determined over 24 h using LICOR 6262 (LI-COR Biosciences, 88
Lincoln, NE). Afterwards, we determined MBC using the chloroform-fumigation 89 extraction method. Half of each sample was fumigated with chloroform for 7 days 90 (according to Haubensak et al. 5 ) and extracted with 0.05 M K 2 SO 4 , while the other half 91 was immediately extracted with K 2 SO 4 . The extracted salt solution was oven-dried at 92 60 °C until dry, and analyzed for %C and %N on an elemental analyzer with IRMS. The 93 microbial biomass C and N were calculated as the difference between the fumigated and 94 immediately extracted samples, expressed as mg C or N g -1 dry soil (Table S1 ). We 95 corrected microbial biomass C using an extraction efficiency (k EC ) of 0.45 for both soils 6 . 96
We used the extraction efficiency for nitrogen (k EN ) of 0.54 proposed by Brookes et al. 7 . 97
98
IV. Calculation of Microbial Production and Turnover Rate. 99
In our calculations, we assumed that 1) the MBC pool was at steady state, so that 100 net microbial growth was zero, and 2) all MBC that was turned over was turned into CO 2 . 101
In section V, we will assess the sensitivity of our results to these assumptions. 102
Total microbial respiration can be partitioned into 103
with R g and R τ as, the amount of C respired while making microbial biomass and C 105 respired due to turnover (µg CO 2 -C g -1 soil d -1 ) respectively. 106
New microbial biomass (ΔMBC g ; µg C g -1 soil d -1 ) is formed as follows, 107
Under steady state conditions for the microbial biomass pool, an equal amount of 109 biomass is produced as is turned over and released as CO 2 (R τ ) 110
Where τ, is the proportion of the microbial community that is turned over (d -1 ) . 112
Therefore respiration from turnover (R τ ) is equal to:
Combining equation 4 and equation 1, total respiration (R) is equal to: 115
So respiration from creating new microbial biomass (R g ) can be calculated as: 117
And respiration from turnover (R τ ) is: 119
And turnover (d -1 ) is calculated as flux of C out of MBC divided by MBC: 121
A conceptual diagram of these equations is available in Figure S3 . 123
124
V. Sensitivity of Turnover to Calculation Assumptions 125
1) Non-Steady State MBC Pool 126
When the MBC pool is not at steady state, ΔMBC g is divided over turnover and 127 net microbial growth. So, ΔMBC g is calculated as before (eq. 2). A portion of this C is 128 added to the MBC pool (ΔMBC n ), 129
while the remainder is lost as CO 2 due to turnover: 131
is available for turnover than is produced. 136
Under these conditions, R τ is calculated as 137
We assessed the sensitivity of our results to the assumption that MBC was at steady state, 144 by calculating turnover rate assuming that there had been a 20 % increase in MBC over 145 our incubation period. This is the same as testing α=0.2. There was no significant 146 difference between microbial turnover rate calculated with the assumption of steady state 147 MBC and microbial turnover rate calculated with an assumed 20 % increase in MBC 148 ( Figure S4 
2) Fate of C from Turnover 151
In the following equations, MBC that is turned over is respired (R τ ) or added to 152
Introducing f as the fraction of microbial C that is being turned over into CO 2 , and (1-f) as 155 the fraction of microbial C that is turned over to dead SOC yields:
and 162
We assessed the sensitivity of our results to the assumption that all turned over C 164 is released as CO 2 , by comparing calculated turnover rates under the "all C to CO 2 " 165 condition (f=1), with "all C to SOC pool" (f=0) and "C going 50% to CO 2 and 50% to 166 SOC" (f=0.5). When all or half the microbial turnover is directed to SOC, the calculated 167 turnover rates are higher and the relationship with temperature is stronger ( Figure S5) . 168
The assumption made in this experiment, that all turned over MBC goes to CO 2 , 169 represents the most conservative estimate of microbial turnover. 170 171
VI. Estimating Effects of Experiment Duration on MGE A 172
In most studies 8-10 , MGE is determined by adding a stable or radioactive isotope 173 
VII. Statistical Analyses 197
We performed a multifactor ANOVA on all experimental data using soil type and 198 incubation temperature as main factors. In two cases, the metabolic model could not find 199 matches with the observed isotopomer ratios. This was the case with one of the replicates 200 of mineral soil at 10 °C and mineral soil incubated at 15 °C, reducing the number of 201 replicates to 5 for modeled metabolic rates and MGE for these treatments. Microbial 202 biomass C and N data were log-transformed to meet the assumptions for ANOVA; the 203 microbial biomass N data had one outlier that was excluded from statistics. The 204 calculated microbial turnover and microbial production data were analyzed using a 205 regression analyses on the means from the bootstrap resampling against temperature. 206
Sensitivity analyses of assumptions used to calculate turnover were done using 95 % CI 207 of calculated turnover rates within each soil x temperature combination and using an 208 ANOVA on the regression of the mean turnover rates. 209
210
VIII. Microbial Enzyme Model 211
We made two modifications to the Allison-Wallenstein-Bradford (AWB) microbial 212 model version in Li et al. 12 . Instead of being constant, we made the microbial turnover 213 rate ( B ) an Arrhenius function of temperature: 214
where T is temperature (K), B,ref is the microbial turnover rate at the reference 215 temperature T ref (20ºC or 293 K), R is the ideal gas constant (8.314 J mol -1 K -1 ) and Ea τ is 216 the activation energy for microbial turnover (Table S3 ). The Arrhenius equation was used 217 as we expect sensitivity of microbial turnover to temperature to be driven by biological or 218 biochemical processes that do not usually respond linearly. The second modification was 219 to introduce a coefficient θ that determines the fraction of microbial turnover that enters 220 soil carbon pools versus being respired to CO 2 . When θ = 1, all dead microbial biomass 221 enters soil carbon pools, and when θ = 0, all dead biomass is respired to CO 2 . Although θ 222 can vary, it was set to zero for all analyses reported here. The model equations are given 223
below. 224
Microbial biomass (B) increases with DOC (D) uptake (F U ) times microbial 225 growth efficiency (MGE) and declines with death (F B ) and enzyme production (F E ): 226
where assimilation is a Michaelis-Menten function scaled to the microbial biomass pool 227 size: 228
and where E C is a linear function of temperature with intercept MGE ,ref and slope m: 229
Microbial biomass turnover is modeled as a first-order process with the temperature-230 sensitive rate constant ! : 231
Enzyme production is modeled as a constant fraction ( ! ) of microbial biomass: 232
Temperature sensitivities for V, V U , K, and K U follow the Arrhenius relationship as in Eq. 233 34. CO 2 respiration is the fraction of DOC that is not assimilated into MBC plus the 234 respired fraction of microbial biomass turnover: 235
The enzyme pool (E) increases with enzyme production and decreases with enzyme 236 turnover: 237
where enzyme turnover is modeled as a first-order process with a rate constant ! : 238
The SOC pool (S) increases with external inputs and a fraction of dead microbial biomass 239 
Thermodynamic Limits to MGE. 255
The value of MGE in soil microbial communities is important for our 256 understanding of soil C cycling processes. This value is explicitly or implicitly part of 257 soil C cycling models, usually a constant value is used 8,13,14 ranging from 0.15 to 0.60 (ref. 15, 16 . Experimental data are mostly limited to pure 261 culture studies where substrate availability is usually high relative to substrate 262 availabilities in natural environments. MGE is limited by thermodynamic constraints 14 . 263
The theoretical maximum value of MGE was calculated in several studies. The 264 thermodynamic maximum yield can be predicted from the ratio between the degree of 265 Fraction of dead MBC partitioned to SOC 0.5 
